ABSTRACT. Objective. The investigation examined the associations of plasma human immunodeficiency virus (HIV) RNA and CD4 ؉ T lymphocytes with height, weight, skeletal maturation, testosterone levels, and height velocity for hemophilic children and adolescents with HIV infection in the Hemophilia Growth and Development Study.
T he Hemophilia Growth and Development Study (HGDS) is a longitudinal, multicenter investigation of the effect of human immunodeficiency virus (HIV) infection on physical growth and sexual maturation, immune function, and neurologic and neuropsychological functioning in children and adolescents with hemophilia. Fourteen collaborating hemophilia treatment centers in the United States enrolled 333 eligible participants from March 1989 through May 1990. Sixty-two percent of the cohort was infected with HIV in the late 1970s and early 1980s through exposure to contaminated clotting factor concentrates. 1 At the baseline examination conducted between 1989 and 1990, the age of the HIV-positive cohort (n ϭ 207) ranged from 6 to 19 years (mean: 13.2 Ϯ 3.1). It was estimated that participants had been infected for a mean of 6.7 Ϯ 0.9 years at the time of entry.
Earlier reports from the HGDS documented significant reductions in height-for-age as well as mean age-adjusted bone age for HIV-infected children and adolescents compared with HIV-uninfected participants. HIV-uninfected children and adolescents showed patterns of statural growth similar to those of males without hemophilia. Reductions in linear growth velocity over the first year of follow-up and delays in sexual maturation over the first 4 years of follow-up have also been shown. 2, 3 Investigators concluded that the delays in bone age and pubertal maturation strongly suggest that part of the growth failure seen in HIV-infected children can be attributed to pubertal delay, 3 unaffected by thyroid function, inadequate caloric intake, or severe illness. 4 Furthermore, monitoring physical growth and maturation is important because delays might predict HIV-related symptom development. 5 The purpose of the current investigation was to extend previous analyses of physical growth data from the HIV-infected cohort of the HGDS by examining the effect of plasma HIV RNA and CD4 ϩ T lymphocytes on height, weight, skeletal maturation, testosterone levels, and height velocity for children and adolescents with hemophilia and HIV infection followed prospectively over 7 years.
METHODS

Clinical and Laboratory Data
HGDS participants are a population-based group of hemophiliacs enrolled without regard to survivorship potential and repre-sent children and adolescents who had survived with HIV infection for a period of ϳ7 years. Although enrolled participants necessarily excluded those who died before study inception, there is little evidence of bias introduced into the study because of selection or loss to follow-up of cohort participants. Analyses were conducted with data on height, weight, skeletal maturation, testosterone, CD4 ϩ counts, and plasma HIV RNA. Height was measured every 6 months using a wall-mounted stadiometer, and weight was recorded every 6 months. Plasma HIV RNA measurements were available annually for 205 participants, and, therefore, a total of 205 participants with 1 to 7 annual height and weight measurements were included in the height and weight analyses. The height velocity analyses, however, used all available semiannual and annual height measurements. Skeletal maturation (bone age) was assessed annually up to year 4 from films of the left hand and wrist. Films were read centrally at the Fels Institute, Wright State University, by the Fels method. 6 One hundred seventy-nine participants with 1 to 5 bone age measurements were included in the bone age analysis. For testosterone, 1 sample from each participant was collected during the first 4 years of study; 169 individuals were included in the analysis.
HIV status was determined by an enzyme immunoassay, with confirmation by Western blot analysis. Testosterone was measured centrally (New York Presbyterian Hospital-Cornell Medical Center) by a specific radioimmunoassay using OP/08 antibody (Pantex, Division of BioAnalysis Inc, Santa Monica, CA). Lymphocyte subpopulations were quantitated centrally, using commercial monoclonal antibodies and direct 2-color immunofluorescence flow cytometry. Heparinized plasma stored at Ϫ70°C was used for HIV RNA measurements using a branched DNA assay, Version 2.0 (Chiron Corporation, Emeryville, CA). The assay has a lower quantification limit of 500 copies/mL and is linear to concentrations as high as 1.6 ϫ 10 6 copies/mL (1 copy of HIV RNA ϭ 1 molecule of HIV RNA). 7, 8 
Statistical Methods
Linear mixed effects regression models were fitted to examine the individual effects of plasma HIV RNA and also the joint effects of CD4 ϩ and plasma HIV RNA on height, weight, and bone age, while adjusting for the effects of age and ethnicity. Plasma HIV RNA measurements were log-transformed, while CD4 ϩ levels were square root transformed to better comply with the normality assumptions of the models. Empirical spatial exponential covariance structures were used to model the correlation between the repeated height, weight, and bone age measurements. The longitudinal CD4 ϩ and plasma HIV RNA measurements were partitioned into a baseline component and a change-from-baseline component to quantify both the cross-sectional effect at baseline and the longitudinal effect. Both components were then entered as predictors for each of the 3 mixed effects regression models. 9 For analyzing the relationship between immune function and height velocity, each individual's repeated CD4 ϩ and plasma HIV RNA values were first averaged over time. The resulting mean values were then dichotomized into low and high groups according to the median values of 243 cells/L and 3125 copies/mL to provide a clinically straightforward interpretation of average CD4 ϩ and plasma HIV RNA effects on height velocity. For each of the low/high CD4 ϩ and plasma HIV RNA categories, a 4-parameter logistic growth curve 10 was fitted using the SAS NLINMIX Macro (SAS, Cary, NC) 11 with age as the predictor. The height velocity function was then obtained by taking the derivative of the estimated logistic growth function. Comparisons of the maximum velocities and the corresponding ages were performed using asymptotic Wald tests.
For the analysis of testosterone, CD4 ϩ and plasma HIV RNA measurements taken at the corresponding visit when testosterone levels were measured were used as predictors. Linear regression was then used to model the relationship between CD4 ϩ and plasma HIV RNA and the square root transformed testosterone levels, while adjusting for the effects of age and ethnicity.
RESULTS
Height
Before controlling for CD4 ϩ , a threefold increment in baseline plasma HIV RNA was associated with a 1.65-cm decrease in height (P Ͻ
49-cm decrease in height (P Ͻ .001). Plasma HIV RNA and CD4 ϩ changes from baseline, however, did not contribute to predicting height (P ϭ .09 and P ϭ .44, respectively).
Weight
Without adjusting for CD4 ϩ , a threefold increment in baseline plasma HIV RNA was associated with a 2.67-kg decrease in weight (P Ͻ .001). With CD4 ϩ included in the model, threefold increments in baseline plasma HIV RNA were associated with a 1.67-kg decrease in weight (P ϭ .012), whereas 100-cells/L decrements in baseline CD4 ϩ were associated with a 3.83-kg decrease in weight (P Ͻ .001). One hundredcells/L decreases in CD4 ϩ changes from baseline were also associated with a 1.04-kg decrease in weight (P Ͻ .019), but plasma HIV RNA changes from baseline were not predictive of weight changes (P ϭ .27).
Height Velocity
Participants with high plasma HIV RNA (Ͼ3125 copies/mL) experienced a significant delay in achieving their maximum velocity (age ϭ 13.2 years; P Ͻ .001) and also a lower maximum velocity (5.79 cm/year; P ϭ .005) compared with those with low viral load (age ϭ 12.5 years; maximum velocity ϭ 7.11 cm/year; Fig 1) . When the CD4 ϩ effect was also considered, the high CD4 ϩ (Ͼ243)/low plasma HIV RNA group had an earlier age at maximum velocity compared with the other 3 groups and also higher maximum velocity compared with the low CD4 ϩ / high plasma HIV RNA and low CD4 ϩ /low plasma HIV RNA groups (Table 1; Fig 2) .
Bone Age
Without CD4 ϩ , a threefold increment in baseline plasma HIV RNA was associated with a 0.22-year decrease in bone age (P ϭ .004). However, after controlling for CD4 ϩ , both the baseline plasma HIV RNA effect (P ϭ .128) and the longitudinal plasma HIV RNA effect (P ϭ .386) were not significant. In contrast, 100-cells/L decrements in baseline CD4 ϩ were associated with a 0.39-year decrease in bone age (P ϭ .002), whereas 100-cells/uL decreases over time were associated with a 0.21-year decrease in bone age (P ϭ .018). Ethnicity was also an important covariate for bone age, where on average, the bone age of whites was 0.67 years lower (P ϭ .001) than of nonwhites.
Testosterone
Before controlling for CD4 ϩ , a threefold increment in baseline plasma HIV RNA was associated with a 1.55-ng/dL decrease in testosterone level (P ϭ .002). But after controlling for CD4 ϩ , plasma HIV RNA no longer had an effect, although 100-cells/L decrements in CD4 ϩ were associated with a 4.61-ng/dL decrease in testosterone level (P ϭ .008).
Antiretroviral Therapy
Antiretroviral therapy was not a significant covariate for any of the 3 outcomes. Although 86% of study participants received antiretroviral therapy at some time during follow-up, there was minimal use of highly active antiretroviral therapy (HAART). Only 9 participants were treated with protease inhibitorcontaining 3 drug regimens during the 7 years of the current investigation, 5 of the 9 having treatment onset Ͻ6 months before the final follow-up point.
DISCUSSION
Previous reports from the HGDS have documented reductions in height, height velocity, bone age, and sexual maturation for HIV-infected compared with HIV-uninfected study participants. [2] [3] The delays in bone age and pubertal maturation suggest that part of the growth failure seen in HIVinfected children can be attributed to pubertal delay. 3 Earlier studies of children with hemophilia and HIV reported poor growth in children before the onset of HIV-related symptoms, 12,13 and a subsequent prospective study reported growth failure as a strong prognostic variable for HIV disease progression in HIV-infected children with hemophilia. 5 Previous investigations of HIV-infected cohorts have examined basal metabolic rate or resting energy expenditure in detail. 14 -18 Although resting energy expenditure was not measured in the HGDS, extensive endocrine evaluations were performed that showed normal thyroid function and insulin-like growth factor-1 levels suggesting that secondary or inadequate caloric intake or the malnutrition of severe illness were not the cause of growth abnormalities and pubertal development. 4 Plasma HIV RNA and CD4 ϩ T lymphocytes have been established as independent predictors of progression to acquired immunodeficiency syndrome and death in many studies including the HGDS. 19 -23 Data from infants and children enrolled in AIDS Clinical Trials Group 152 also suggested that plasma HIV RNA and CD4 ϩ had independent effects for predicting growth failure. 24 In the current report, plasma HIV RNA had a significant impact on height and weight but not on height velocity, bone age, or testosterone, after controlling for CD4 ϩ . Furthermore, baseline immune function was more important in predicting outcome than were changes from baseline. Such results may be influenced by the fact that the children and adolescents in the HGDS had already been infected with HIV for ϳ7 years at the time of the first viral load measurement, a duration that is several years longer than the cohorts investigated in some other studies. 25, 19 In addition, analytical and biological variability in the plasma HIV RNA and CD4 ϩ measurements may impact the conclusions of the analysis. 26 Had the HGDS been designed to quantify the measurement variability in plasma HIV RNA and CD4 ϩ T lymphocytes, these estimates of variability then could be incorporated in an analysis controlling for the effects of measurement error. 27 The results from analyses of height velocity suggest that the effects of CD4 ϩ and plasma HIV RNA on growth were evident throughout childhood and adolescence. In addition, the data indicate that, in general, CD4 ϩ count was a more precise predictor of growth outcome in this group of HIV-infected hemophiliac children and adolescents than was plasma HIV RNA. Because so few participants were treated with HAART, it is not likely that the extreme diminution in HIV RNA levels associated with HAART could explain this finding. Rather, the observation is consistent with the explanation that CD4 ϩ may serve as a composite reflection of all antecedent plasma HIV RNA levels in the period of infection; and in the current study, CD4 ϩ may be more reflective of the 
